Progress in the science of ageing and stabilisation of polymers mainly relates to large-tonnage carbon chain polymers: polyolefins, polyvinyl chloride, rubbers, and acrylic polymers. This is determined not only by the requirements of industry but also by the availability of basic research on the cracking and oxidation of individual aliphatic compounds.
For aromatic heterochain polymers (AHPs), such investigations are virtually non-existent. Therefore, in understanding the mechanism of degradation and stabilisation of these polymers, there are many unclear and debatable points.
An analysis has been made of work carried out over the past 15 years at the Scientific Research Institute for Plastics (NIIPM) and the "Poliplastik" Scientific and Production Enterprise on the ageing and stabilisation of AHPs. Features of high-temperature (300-400˚C) oxidation in the melt and of solid-phase (150-250˚C) oxidation of AHPs were examined.
The general laws governing the thermal oxidation of aromatic and aliphatic-aromatic polyimides, polyamides, polyesterimides, polyphenylquinoxalines, polysulphones, etc., have been established.
It has been shown that AHP degradation proceeds by a radical mechanism but differs from aliphatic polymer degradation in the acts of initiation. The most probable are electron-activated states of polymers, realised by thermal means, and molecular complexes with oxygen.
Possible ways of stabilising AHPs by means of phosphoruscontaining additives and/or compounds of variable-valency metals have been examined. Using the given heat-stabilising systems, degradation changes at high temperatures are slowed down by a factor of 1.5-2 for polyimides based on diphenyltetracarboxylic and benzophenonetetracarboxylic acid anhydrides, anilinefluorene, polyalkaneimides, etc. For example, glass fibre reinforced plastic based on a stabilised polyimide binder retains a strength of at least 150 MPa at 350˚C for 1000 h, while unstabilised material breaks down entirely in this time.
Besides the slowing down of thermo-oxidative ageing, phosphorus-containing additives increase the resistance to radiation of, for example, polyimides and polyalkylene terephthalates: the rate of release of the CH 4 product of radiation breakdown of aromatic nuclei is halved.
3. At the third stage, acceleration of the reaction is observed, and the kinetics is described by the equation χ = A exp(γ -τ ), where γ -τ is the auto-acceleration factor, s -1 .
The main gaseous products in this case are H 2 , CO, CO 2 , and H 2 O, the kinetics of release of which is similar in nature to O 2 absorption. Information on the balance of O 2 absorbed by PM and released with the oxidation products shows that, at the initial stages, about 50% O 2 is combined with the polymer. According to infrared spectroscopy (IRS) data, new O-containing structures of quinoidal type appear in the oxidised film (absorption at 1640 cm -1 ). More intense consumption of aromatic nuclei is also observed by comparison with the heterocyclic ring (comparison of the 1500 cm -1 absorption band of -C=C ar , the 1090, 1120, and 820 cm -1 bands of -C-H ar , and the 1244 cm -1 band of C ar -O-C ar with the 1380 and 720 cm -1 imide rings). Furthermore, during the thermal oxidation of PM, a solid individual product is found, identified by means of nuclear magnetic resonance (NMR) and mass spectrometry (MS) as pyromellitediimide (PDI). The PDI yield as a result of degradation at 300˚C within 80 h amounted to 0.015 mol/base mol, and the H 2 yield with the indicated exposure amounts to 1.1 x 10 -3 mol/base mol. The formation of H 2 is explained by the process of crosslinking of PM, in which, during solid-phase ageing, an increase in gel fraction is observed: within 20 h at 300˚C, about three crosslinks are formed per macromolecule in the polymer. For the case of a model compound of N-phenylphthalimide (PPI) oxidised under the same conditions, the typicalness of the composition of the oxidation products of PM was demonstrated, namely the presence of PDI and H 2 . Here, in the thermolysis of PPI and PM in vacuum, PDI and H 2 are not formed.
The kinetics of thermal oxidation and the composition of the degradation products of polyphenylquinoxaline (PPQ) at 200-300˚C are similar to those of PM: H 2 , CO, CO 2 , H 2 O, and also 2,2¢-(1,4-phenylene)-bis-(3-phenylpyrazine) were identified. Heating of PPQ in air leads to partial or complete (depending on the exposure) loss of solubility of the polymer. Within heating for 20 h at 300˚C, the number of crosslinks per macromolecule amounted to about 4. The accumulation of gel fraction correlates with the release of H 2 . New O-containing structures of the quinoidal type (IR absorption at 1640-1670 cm -1 ) are formed in PPQ. The proneness of PPQ to crosslinking was confirmed by the authors by experiments on model compounds. For example, during the thermal oxidation of 2,3-diphenylquinoxaline (DPQ) under the given conditions, besides carbon oxides and water, a dimer with a molecular weight of 652 (2M DPQ -2) and H 2 were identified, which are not formed under the same conditions but in vacuum.
According to data of dynamic thermogravimetric analysis (TGA), the heat stability of copolymers of aromatic structure (PPQ-1) during testing in vacuum hardly depends on the content of ester aromatic units. The temperature corresponding to 10% weight losses, T 10 , for PPQ-1 lies in the range 570-580˚C. The thermal degradation of fatty aromatic copolymers (PPQ-2) begins at a lower temperature and lies in the range 520-450˚C, decreasing with increase in the content of CH 2 groups. The replacement of ester aromatic fragments with aliphatic fragments not only lowers the heat stability of PPQ but also alters the nature of breakdown. The degradation process is transformed from a practically single-stage process into a multistage process: intense breakdown at 420-500˚C is replaced by abrupt retardation, which is possibly due to the consumption of less heat-stable aliphatic areas and the formation of a more heat-resistant structure. Above 650˚C, acceleration of the process occurs again. In the presence of O 2 , degradation reactions are sharply intensified -the breakdown of SPPQ-1 begins at 490-500˚C, and that of SPPQ-2 at 500-400˚C, and the temperature of the start of breakdown, T s.b , decreases with increase in the number of aliphatic areas. Increase in the number of methylene groups in SPPQ-2 leads to an intense increase in O 2 absorption and in the CO and CO 2 formed in this case. The effective activation energies calculated from the kinetic curves of O 2 absorption for SPPQ-2 with a CH 2 content of 5.9 and for SPPQ-2 with a CH 2 content of 0.8 amounted to 72 and 116 kJ/mol respectively. Comparison of the stability of SPPQ and homopolymer poly-2,2′-(1,4-phenylene)-6,6′-oxy-bis(3-phenylquinoxaline) indicates that copolymers containing ester aromatic and aliphatic groups in concentrations of 5.2 and 0.8 wt.%, respectively, differ little from the homopolymer. A common trend of the kinetic curves of O 2 absorption and release of carbon oxides and water for SPPQ, PPQ, and PI was identified. In the first stage of oxidation of aliphatic-aromatic SPPQ-2 alone, over 65% of the absorbed O 2 is combined in its structure, i.e. considerably more than for PI and PPQ. According to data of differential thermal analysis (DTA), during the dynamic thermal oxidation of SPPQ-2, it was possible to distinguish the processes of oxidation of the aliphatic area (300-420˚C) and aromatic nuclei (above 420˚C). The consumption of CH 2 during oxidation is confirmed by IRS data -by lowering of the absorption band at 2900 cm -1 (ν CH 2 ) with retention of the main absorption bands of the heterocyclic rings (1700, 1670, 1740, 1330, 1220 cm -1 ). The presence of aliphatic fragments in the structure activates, as it were, the thermal oxidation of heterocyclic rings, lowering the temperature of the start of breakdown by 20-60 K. The oxidation of SPPQ, like that of homopolymers, is accompanied with the formation of intermolecular bonds, and here the presence of methylene chains accelerates the crosslinking processes. At 300˚C, within 20 h thermal oxidation the gel fraction content in SPPQ-2 is twice as high as in PPQ.
Thus, note the common laws governing the thermal T/53 oxidation of PI, PVC, and SPPQ. The first important similarity in degradation behaviour is the absorption of O 2 at fairly low temperatures (200˚C). At temperatures where it becomes possible in real time to follow the kinetics of O 2 absorption (250˚C and higher), the polymers, irrespective of temperature, demonstrate the same kinetic type of oxidation -a three-stage kinetics, successively described by first-and zero-order laws with subsequent autoacceleration.
At the first stage of oxidation, only about 10% of the absorbed O 2 is removed from the polymers with carbon oxides and water. This effect cannot be attributed to the different number of units (structural defectiveness) of the macromolecules, since PPQ, which has a practically defect-free structure, absorbs almost twice as much O 2 as PM film. Therefore, there remains practically no alternative to the position that the first stage of thermal oxidation of PM, PPQ, and SPPQ is connected with features of their chemical structure. The second important similarity in the degradation behaviour of the indicated polymers (with account taken of the structure of an elementary unit) is the formation of degradation products of a similar type, namely PMD and PPP. The ratio of the yield of PMD and CO 2 (in mol) during the thermal oxidation of PM at 300˚C is close to 1/24, i.e., for the release of PMD, it is necessary to oxidise aromatic structures of amine components to CO 2 . The random attack of O 2 over the length of the macrochain would lead to the formation of a whole set of oligomeric products with end PDI groups, but this does not occur. Common to PI and PPQ is intermolecular crosslinking, comparatively sparse (M c = 1000) but leading to practically complete loss of solubility of the polymers. Oxygen takes part in crosslinking indirectly, and it is absent in the connecting unit. However, at these temperatures, crosslinking, in the absence of O 2 , hardly occurs. The reaction of O 2 with an aromatic structure possibly activates the rupture of C-H bonds of the aromatic ring, which then enter into intermolecular interactions. After analysing the results of analysis of the isotope composition of O 2 after the thermal oxidation of PM and PPQ, subject to an O 2 transformation of 30-50% (hightemperature oxidation at 350-400˚C), it was concluded that there is direct interaction of PM and PPQ with O 2 , and that oxygen is present in the form O-O, i.e. so-called endoperoxides with aromatic nuclei are formed. Oxygen readily adds to an aromatic system in the triplet state (the longwave extremity of fluorescence for PM is 520-530 nm, which corresponds to an energy of 217-226 kJ/mol). Calculation of the bond energy of molecular compounds using methods of quantum chemistry (Pariser-Parr-Popla) showed the possibility of the given reaction both for PI and for PPQ. With the formation of endoperoxide, change in the π-electron system of conjugations occurs on the aromatic nucleus. The decomposition of endoperoxides leads to the appearance of oxygen-containing structures in the phenylene fragment. More extensive oxidation causes opening of the benzene ring and the release of CO 2 and CO. The acts of electron activation and the formation of endoperoxides constitute only the initial stage of initiation. As degradation proceeds, paramagnetism increases in the polymer, with the accumulation in the structure of hexadienyl oxidised structures, radicals, and biradicals, and the conjugation system increases. The energy activation threshold is lowered, and the system becomes autocatalytic. This is the third kinetic stage of oxidation. This stage of the process is only of theoretical interest, since the service characteristics of the materials have already been lost in the second stage.
Classic inhibition of oxidative processes is based upon rupture of the kinetic chains of oxidation and deactivation of the branching intermediate products. In the case of AHPs, a chain nature of the process is not evident. Rupture of the chain by additives assumes inertness of the remaining radical of the inhibitor. At temperatures above 200˚C these radicals are active. Thus, classic antioxidants are ineffective at high temperatures. Therefore, heat stabilisation of AHPs must be carried out by lowering the transition of the structure into an electron-activated state by suppressing these states and by interaction or complexing with amine residues in macromolecules to lower their reactivity. The greatest effect in increasing the heat stability was shown by phosphorus compound additions (PCAs). For example, with an optimum stabiliser content, the yield of PDI from PM decreases by a factor of 2.5-3, and that of carbon oxides by a factor of 1.5-2. Glass fibre reinforced plastic based on a stabilised polyimide binder retains a strength of at least 150 MPa at 350˚C over a period of 1000 h, whereas the unstabilised material breaks down entirely within this time. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] Polyalkaneimide (PAI) in the melt absorbs O 2 with the release of CO 2 , CH 2 O, CO, and H 2 O. The kinetics of O 2 absorption at 300-350˚C is two-stage: an initial rapid stage with a sigmoidal shape of the kinetic curve, high initial rates, and formally a first kinetic order, and then a slow stage with a constant rate. Depending on the temperature, the first stage lasts 2-5 h, with an O 2 absorption of about 8 mol/base mol; the second stage continues for tens of hours, with additional absorption of up to 2 mol O 2 . The activation energy E a of oxidation of PAI in the melt, determined from the initial rates of O 2 absorption, is 57 kJ/mol, whereas the E a values of the release of CO 2 and CO (identical two-stage kinetics) are 135 and 163 kJ/mol respectively. The main light products of high-temperature oxidation of PAI, in terms of yield, are CO 2 and CH 2 O. For example, their yield as a result of the oxidation of PAI at 350˚C within 1 h is 0.5 and 0.53 mol/base mol respectively. The yield of CO and H 2 O is appreciably lower. The oxygen balance indicates that the major proportion of O 2 is combined with the polymer and is contained in the heavy products.
THERMO-OXIDATIVE DEGRADATION OF POLYALKANEIMIDE
Spectral data (NMR, Fourier IRS, MS) indicate breakdown of the methylene chains, the consumption of CH 2 groups and the accumulation of aliphatic C=O groups, the breakdown of imide rings, and the appearance of heavy products in the form of fragments of the macrochain with the decomposition of the fatty chain or heterocyclic ring. For example, PDI, dodecamethylenediphthalimide, and products of the R-PI-C(O)R′ type (where R and R′ are linear aliphatic radicals or H, and PI is the pyromelliteimide residue) are formed. Above 350˚C, the proportion of products with broken down imide rings (phthalimides, nitrilephthalimides) increases. However, judging by the ratios of the yields of products with whole or partially broken down pyromelliteimide rings, the high-temperature oxidation of PAI is directed mainly at fatty chains, while oxidative breakdown of the cycloarylene structure is negligible.
The solid-phase oxidation of PAI at 200-250˚C, judging by the shape of the kinetic curves of O 2 absorption and the release of CO 2 and CO, is similar to the initial stage of high-temperature oxidation but continues for hundreds of hours and is characterised by appreciably lower values of E a = 21 kJ/mol. Although the balance with respect to the oxygen absorbed and released with the volatile products indicates its accumulation in the polymer, IRS data confirm the consumption of CH 2 groups, the accumulation of aliphatic C=O groups, and then the weak consumption of imide rings. Heavy oligomeric products are not released during solid-phase oxidation, with the exception of pyromellitediimide (PDI), which in itself does not contain atmospheric oxygen but is only a fragment of the structure. Formally, the kinetics of ageing is presented as the complete oxidation of fatty chains into carbon oxides and the release of the oxidation-resistant pyromelliteimide fragment as a product. Oxidation at 200˚C leads to the formation in the PAI of hydroperoxides, the kinetics of accumulation of which is characterised by a maximum (~0.015 mol/base mol) with an exposure of 400 h. The decomposition of ROOH in vacuum at 200˚C follows a law of first kinetic order with a rate constant of 0.017 min -1 . Judging by the magnitude of a (~10 -2 ), which characterises the yield of ROOH on absorbed oxygen, solid-phase oxidation in PAI develops mainly in the hydroperoxide direction. The thermal oxidation of PAI is accompanied with the release of H 2 , the yield of which, after 800 h ageing at 200˚C, is 0.63 mmol/base mol. The kinetics of release of H 2 correlates with the accumulation of gel fraction during the ageing of PAI.
At first glance, the phenomenology of the hightemperature and solid-phase oxidation of PAI is determined by oxidation of the fatty chain and should be described well by the known radical chain scheme of oxidation of hydrocarbon polymers with a modification taking into account the possible development of the process aside from hydroperoxides, for example via the decomposition of peroxy radicals. Reactions of the attack by O 2 of α-CH 2 bonds weakened by the neighbouring π-conjugated system of the pyromelliteimide fragment are known. The following experimental facts make it impossible to exclude the cycloaromatic fragment from the examination of the mechanism of thermal oxidation of PAI, or to reduce its role merely to the activation of the neighbouring methylene chain and, at high temperatures, to participation in conjugated oxidation:
• the methylene chain of PAI is considerably more stable than the aliphatic chains in polyethylene (PE) and aliphatic polyamides (PAs);
• PDI is the only heavy product of solid-phase oxidation of PAI;
• correlation of the crosslinking of PAI and the release of H 2 during oxidation;
• inhibition of the thermal oxidation of PAI by additions of transition metal compounds and PCAs.
The first of these facts is explained by the well-known dependence of the kinetics of oxidation of the polymers on the molecular mobility of the macrochains. The combination of the pyromelliteimide fragment and the aliphatic chain with an even number of methylene groups ensures the formation of a rigid highly crystalline structure of PAI-12 (the length of the methylene chain (CH 2 ) 12 ). The physical structure of the nearest "uneven" homologues (in PAI-1 and PAI-13, (CH 2 ) 11 and (CH 2 ) 13 respectively) is less organised (broad line NMR data), and consequently these polymers are oxidised more rapidly in the solid phase.
The remaining facts require explanation:
• the formation of PDI requires synchronisation of the oxidative process in the neighbouring methylene chains separated by the pyromelliteimide fragment. Initiation and chain transfer by the law of chance would lead to the appearance of a set of oligomers in the products of solid-phase oxidation;
• the release of H 2 and crosslinking of the macrochains in the oxidative process at relatively low temperatures are uncharacteristic of methylene chains of aliphatic polymers, but this effect accompanies the oxidative ageing of entirely aromatic PI and PPQ;
• transition metal compounds stabilise PAI at low and high temperatures, but sharply accelerate the thermal oxidation of methylene chains, for example in PE.
The search for an alternative or an addition to the radical chain scheme revealed new properties of PAI. Judging by the shift in the electron spectra of the model compound didodecylpyromellitediimide, in the case of blowing of the solution first with argon and then with oxygen, the pyromelliteimide structure forms a molecular complex with O 2 . The preliminary treatment of PAI with I 2 , which possesses a strong complexing action, leads to a marked reduction in the first exothermic peak of DTA, which characterises the initial phase of oxidation during dynamic heating. Furthermore, study of the magnetic properties revealed the paramagnetism of PAI. The polymer has an EPR signal -a singlet with q av = 2.183. Measurements of the magnetic susceptibility by Faraday's relative method showed that PAI possesses a magnetic moment µ eff = 0.77-0.94 (297 K). A temperature dependence of µ eff in the region of subzero temperatures is characteristic of cluster compounds. The value of the exchange parameter ζ i,j = 226 cm -1 indicates a high degree of conjugation along the polymer chain or between the chains. Since the chemical structure of PAI with a long chain of σ-bonds does not ensure a conjugation system along the chain, the only possibility of its realisation is the formation of intraand intermolecular complexes between the pyromelliteimide fragments. The effective heat stabiliser of PAI, CuSO 4 , has µ eff = 1.86. The law of additivity of overall molar magnetic susceptibilities for mechanical mixtures of PAI and CuSO 4 is not observed either at room temperature or after heat treatment of the mixture at 320˚C. Heat treatment in vacuum, in air, or in inert gas leads to a considerable increase in magnetic susceptibility and in the effective magnetic moment of PAI and the mixture of PAI with CuSO 4 , but the effect is markedly higher during heat treatment in air. Investigations of the magnetic properties indicate interaction of the macromolecule and additive, and here it is evident that this interaction is realised by the pyromelliteimide fragment.
To "include" the pyromelliteimide fragments in the oxidative process, irrespective of the methylene chains, it is suggested that thermal oxidation be initiated via the formation of molecular complexes of O 2 with the π-system and/or by thermal transformation of the conjugated system of PAI (cluster) into the electron-activated state, from which radical reactions and H atom transfer are initiated, in particular crosslinks of aromatic nuclei with the release of H 2 . The addition of these acts of initiation of the radical chain scheme of thermal oxidation makes it possible to explain the laws governing the thermal oxidation of PAI. For example, the effectiveness of transition metal compounds as heat stabilisers may be connected with the formation of an "additive-π-system" complex, regarding this act as competition to the emergence of a molecular complex with O 2 . [21, [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] Weight losses during the dynamic heating of polysulphone based on bisphenol A and dichlorodiphenylsulphone (PSP) in the absence and in the presence of O 2 at the initial stage are characterised by respective rate constants of 2.4 x 10 13 exp(-190/RT) and 4.3 x 10 7 exp(-92/RT) min -1 , i.e. in the presence of O 2 the breakdown is accelerated sharply. The heating of PSP at 300-350˚C is accompanied with the absorption of O 2 and the release of CO 2 , H 2 O, and CH 2 O. In the shape of the kinetic curves, the oxidation of PSP is similar to that of the other AHPs described above: two-stage kinetics with a rapid initial stage of 2-4 h duration and then a slow stage, with the total O 2 absorption depending on the temperature (for example, in the subsequent 10 h, 1-2 mol/base mol) and, accordingly, with effective activation energies at the two stages of 72 and 11 kJ/mol. With reduction in the partial oxygen pressure from 400 to 30 kPa, the kinetics of oxidation (according to the O 2 oxidation and the release of the corresponding products) changes from σ-shape to S-shape. Thermal oxidation in the melt leads to gelation and to yellowing of PSP. These changes are similar to O 2 absorption and depend on the O 2 pressure. At 300-350˚C, exposure for 1.5-3 h corresponds to the gelation point. However, increase in all characteristics of the MWD, especially M z , was noted from the very start of the thermal oxidation process. These changes are realised by branching of the PSP macromolecules, and here the frequency of branching λ increases linearly with increase in the exposure, ultimately reaching the limiting value λ = 0.25-0.36 per base mol close to the gelation point. In calculation, use was made of a long-chain model, which made it possible to determine the intercrosslink distance (≅4000-5000). In the absence of O 2 at 320˚C, insignificant branching λ = 0.0055 is revealed only after 10 h, whereas a similar operation in air leads to λ = 0.008-0.015. The effect of shear loads on branching under conditions of the thermal oxidation of PSP is relatively weak; for example, increase by a factor of 10 in the load during testing on the IIR instrument only increases λ by 20%. In 13 C NMR spectra of PSP oxidised in the melt, new signals of substituted and unsubstituted aromatic carbon atoms with chemical shifts at 140-150 and 110-120 ppm are observed. IRS data also confirm new substitutions of aromatic nuclei and the consumption of the base pphenylene structure. It was assumed that branching occurs via aromatic C atoms with branching points of the type This made it possible to introduce the concept of polar effects in homolytic reactions, well known in the kinetics of radical polymerisation and homolytic arylation of p-substituted benzenes. The combination in the structure of PSP of heterogroups of different electronegativity -a strong electron-acceptor sulphonyl group (Hammett constant σ n = +0.7) and electron-donor ester group (σ n = -0.32), and also a weak electron-donor isopropylidene group (σ n = -0.197) -leads to alternation of the electron density on the aromatic C atoms, which naturally is manifested in the values of the 13 C NMR chemical shifts:
THERMO-OXIDATIVE DEGRADATION OF POLYSULPHONES, POLYETHER KETONES, AND LIQUID CRYSTALLINE COPOLYETHERS
With a difference in the chemical shifts of neighbouring ring C atoms of ~10 ppm, the difference in the π-electron density reaches 0.055, with an average proportionality factor of 180 ppm per electron. The polar effects of psubstituents are revealed at aromatic radicals. The structure of the PSP, and also polyethersulphones (purely aromatic homologues of PSP -based on dioxydiphenylsulphone and dichlorodiphenylsulphone and/or bis(4-chlorophenylsulphonyl)biphenyl), favours radical addition, lowering the activation barrier of the reaction by Coulomb interaction. The possibility of this qualitative approach is confirmed by the weak structure formation (compared with PSP and PES) of polycarbonate (PC) under identical conditions -a polyester that is based, just like PSP, on bisphenol A. Aromatic p-substitution in PC, judging by 13 C NMR, gives weaker alternation of the π-electron density with respect to the ring C atoms. Homolytic arylation replaces the active radicals with hexadienyl or arylhexadienyl radicals, which are relatively stable on account of the polar effects of the substituents. Calculation of the bond energy shows that a relatively weak bond in PSP is the C-CH 3 bond in the isopropylidene fragment (≅220 kJ/mol). The above aromatic homologues of PSP are characterised with respect to all structural fragments by bond strengths at a level of ≅330-450 kJ/mol and, accordingly, have a higher heat stability in the absence of oxygen. During thermal oxidation, O 2 makes a great contribution to the degradation process. In the case of the classical mechanism of thermal oxidation, attack by O 2 is directed at aliphatic C-H bonds under the condition of blocking of the end phenol groups. Only about 20% of the absorbed O 2 is converted as a result of the oxidation of PSP into volatile products -CO 2 , H 2 O, and CH 2 O. The major proportion of O 2 remains in the PSP in the form of polymeric oxidation products. In the oxidised polymer, aliphatic C=O and aromatic OH and C=O groups are found, accumulating simultaneously with the consumption of CH 3 . The accumulation of aromatic oxygen-containing groups was noted in PSP and PES at the initial stage of the process, corresponding to the sigmoidal section of the kinetic curve of O 2 absorption. For example, after 15-20 h thermal oxidation at 320˚C, 60-80% of the CH 3 groups is retained. Thus, the generally accepted model of separate oxidation initially of aliphatic and then of aromatic fragments is ruled out. High-temperature oxidation simultaneously affects and develops in aromatic and isopropylidene fragments of the PSP macrochain. The similarity of the overall kinetics of oxidation of PSP and PES, and also polyether ketones (PEKs), indicates the participation of aromatic nuclei in the oxidative process at the initial stages. The difference in heat stability is determined by the rigidity of the macrochain. The heat stability decreases (according to data of dynamic TGA in air) in the order PEK > polydiphenylether ketone > PES > polyetherethersulphone > PSP. Here, initially the linear macromolecule is gradually converted into a crosslinked macroformation, partially losing its initial structure but with new elements developing a system of blocks of conjugations, which leads to yellowing of the polymers:
In discussion of the mechanism of high-temperature oxidation, along with the variant of development of the typical radical chain scheme with subsequent transfer of oxidation to aromatic nuclei with detachment of the H atom in the reaction of chain continuation, an examination was made of the possibility of the direct addition of oxygen to aromatic nuclei with the formation of endoperoxides or peroxy radicals. As in the case of the AHPs examined earlier, this reaction is probably accompanied with the formation of a molecular complex of the π-system with O 2 and/or the thermal transformation of the conjugated system into the electron-activated state. Such an assumption is fairly realistic, bearing in mind that the position of the red boundary of the electron absorption spectra of PES and PSP is 400-500 nm. This also explains the high resistance to thermal oxidation of polymers containing an -SO 2 -group in their structure. The strong electron-acceptor bridge -SO 2 -prevents the formation of molecular complexes with O 2 . An additional argument confirming the proposed mechanism is the greatest stabilising effect by additions of PCAs, taking into account the complexing function of phosphorus.
Special interest in liquid crystalline aromatic polyesters (LCPs) has been noted in the past 10-15 years and is connected primarily with the discovery of their capacity for self-reinforcement in the melt, which makes it possible to manufacture from them articles of high precision and dimensional stability with low coefficients of thermal shrinkage.
The particular interest in these polymers is determined by the intense growth in computer technologies. In the past 5-10 years, there have been a fairly large number of publications concerning the structure and properties of LCPs. However, information on the heat stability and features of the degradation behaviour of LCPs is scant.
The authors have investigated the degradation transformations of LCPs based on p-oxybenzoic acid, dioxydiphenyl, and terephthalic and isophthalic acids (TPA, IPA). Here, the TPA/IPA content was varied in the range 100:0-0:100.
Judging by the kinetics of oxygen absorption at 350˚C (the processing temperature) and by data of dynamic TGA/DTA, the thermo-oxidative stability of LCPs with different TPA/IPA contents decreases in the order IPA-0 > IPA-25 ≥ IPA-50 > IPA-75 > IPA-100.
In the absence of oxygen, the breakdown of LCPs proceeds in a single stage with the formation of a considerable (up to 40 wt.% at 700˚C) coke residue. On the DTA curves, two endothermic heat effects were found: a weak peak in the region of melting, and a fairly intense peak on degradation of the polymers. The magnitude of the heat effect connected with melting amounts to ∆H = 1-2.5 kJ/mol. Some authors [38] , investigating a copolymer of 4-hydrobenzoic and 2.6-hydroxynaphthoic acids by means of DSC, believe that a heat effect of the order of 1 kJ/mol relates not to true melting but to change in the degree of ordering on transition from crystal to mesophase.
The heat stability of LCPs in air is considerably (~25-30 K) lower than in argon. According to data of dynamic TGA in air, weight losses of the LCPs investigated are found in the range 350-800˚C. The breakdown is twostage: the first stage at 350-550˚C is accompanied with weight losses of up to 40 wt.%, and the second, slower, stage in the temperature range 550-800˚C proceeds practically until complete breakdown of the polymers. The coke content at 750-800˚C amounts to 3-10 wt.%. Judging by DTA data, the stages of breakdown of LCPs are accompanied with exothermic heat effects. During testing in air, the weak endothermic heat effect in the "melting" range is absent, probably on account of overlapping by exothermic effects accompanying the degradation reactions. Increase in the IPA content leads to a shift in the melting range into the low-temperature region and to a reduction in the heat stability of LCPs.
Study of the phase transitions of LCPs by X-ray diffraction analysis (XDA) in the temperature range 20-400˚C showed that, in all LCPs, similar changes occur. Annealing at 300˚C leads to a small increase in the main crystalline reflex. The ability of the materials investigated to be converted into the so-called "liquid crystalline state" is indicated by their behaviour at processing temperatures. At softening temperatures (depending on the structure, this range is 300-400˚C), a sudden decrease in viscosity is noted in all polymers. Here, very strong strands are formed from the melt. Such an effect is attributed [39] to cooperative orientation of the large axes of the macromolecules along the direction of flow (anisotropy of viscosity), which is realised only in LCPs.
It is well known [7, 21, 39] that the heat stability of polymers depends on certain factors: structure, molecular weight characteristics, and the content in the macromolecules of macrochain defects, labile end groups (in the present case, hydroxyl), low molecular weight organic (residues of unreacted monomers) or inorganic (impurities of metal ions entering the polymer from the initial feedstock and equipment) impurities.
The inductively coupled plasma (ICP) method was used to investigate the composition of inorganic impurities in monomers and in LCPs. For the case of LCP KI-75, TGA showed the inequivalent influence of certain metal impurities on heat stability. Increase in the content of impurities was achieved by introducing into the polymer inorganic salts of the corresponding metal.
The results obtained showed the different influence of metal impurities on the thermo-oxidative stability of LCPs. Aluminium and alkali metals, such as Ca, Na, and K, have practically no effect on heat stability in the investigated range of concentrations. Iron has a negative effect, while Cu and Ni, in a concentration of up to 10 -3 -10 -4 wt.%, increase the heat stability of LCPs substantially.
The composition and content of organic impurities in LCPs were investigated by means of mass spectrometry. Impurities of phenol and dioxydiphenyl (m/e 94, 186) -the product of hydrolysis of the initial monomer dioxydiphenyl diacetate, dioxydiphenyl p-oxybenzoate, and oxydiphenyl acetate -were identified. The total amount of organic impurities in various specimens did not exceed 1.0-2.0 x 10 -2 wt.%, which had practically no effect on the heat stability of the polymers.
The kinetics of O 2 absorption is two-stage, with the absorption at the first rapid stage (within a total of 2-3 h) of over 1 mol O 2 per molecular unit, and with the absorption at the slow stage of 0.2 mol O 2 /base mol in the subsequent 7-8 h of thermal oxidation. The kinetics of release of CO 2 -the main gaseous product of degradation of the investigated LCPs -has similar relationships. The heavy high-boiling degradation products, identified by NMR and MS, contain derivatives of dioxydiphenyl and p-oxybenzoic acid: diphenyl benzoate, oxyphenyl benzoate, etc. The composition of the above products is identical for all the LCPs investigated and differs only in the ratio of the components. The results of analysis of the kinetic curves showed that, at lower temperatures of 300 and 320˚C, close to melting or on melting, the rate of thermal oxidation is appreciably lower than at 350˚C, when, judging by XDA data, the polymer is converted entirely into an isotropic melt. Apart from the main gaseous product (CO 2 ), during the thermal oxidation of LCPs in the investigated temperature and time range, hydrogen (at the early stages of oxidation with exposure for 0.5-1.0 h) and water (with exposure for over 4 h) were also identified. The dynamics of change in the elemental composition showed that, in a specimen containing IPA-75, as thermal oxidation proceeds, there is a reduction in the hydrogen content and an increase in the carbon content, i.e. a graphite-like structure is formed. This process proceeds intensely at 350˚C. Data of IR spectroscopy showed that the initial changes occur in the region of absorption of ester aromatic fragments: there is a reduction in the intensity of the absorption bands at ν C=O = 1740 cm -1 , ν C-O = 1270 and 1160 cm -1 , and ν C=C = 1600 and 1500 cm -1 , δ C=C = 720 cm -1 . With maximum exposure (thermal oxidation at 350˚C for 10 h), only absorption bands of ether bonds ν C-O-C = 1080 cm -1 and aromatic structures are retained, and the background of the spectrum is reduced strongly, which again is due to the formation of intermolecular crosslinks. A large amount of oligomers is formed in the melt at 350˚C, settling in the ampoule close to the reaction zone at temperatures of ≅150˚C. The structure and ratio of the oligomers with end groups of dioxydiphenyl p-oxybenzoate (product a), oxydiphenyl (product b), and di-and trimers of p-oxybenzoic acid (product c) in the mixture of oligomeric degradation products were identified by means of 13 C NMR.
From the areas of the main signals with corresponding chemical shifts of 118.5 and 115.82 ppm (product a), 115.43 ppm (product b), and 120.72 ppm (product c), it proved possible to assess the amount of oligomers in the mixture: product a amounted to 15 mol.%, product b to 31 mol.%, and product c to ≅10-12 mol.%.
The discovery of thermal oxidation products alongside units of p-oxybenzoic acid makes it possible to assume that, during synthesis, along with the processes of copolycondensation, reactions of homopolycondensation occur between the p-acetoxybenzoic acid. The yield of free p-oxybenzoic acid is 3-4 times higher than its yield in the combined state in the form of end groups in oligomers. Free p-oxybenzoic acid seems to be formed as a result of thermal reactions during the decomposition of labile bonds in structural p-oxybenzoic blocks.
Analysis of the kinetics and composition of degradation products of LCPs in the temperature range of processing made it possible to reveal certain general features of the degradation behaviour of heat-resistant AHPs [41] : graphitisation of the structure, release of H 2 , and increase in the thermo-oxidative stability when transition metal additions and PCAs are introduced. [7, 21, [40] [41] [42] [43] [44] The main product released from polyesterimides (PEIs) based on dianhydride A (diaminodiphenyl ester of bisphenol A) and m-phenylenediamine during thermal oxidation in the temperature range 320-340˚C with exposures of up to 1 h is water (~0.3 wt.%). Other products account for ~0.1 wt.%. In their composition were found CO, CO 2 , and residues and products of the transformation of the initial monomers, e.g. bisphenol A. Increase in the exposure time and/or in the temperature up to 420˚C (the start of intense breakdown according to TGA) leads to more extensive transformations of the polymer structure and accordingly to the formation of a greater amount and different composition of products. IRS data indicate that short-time thermo-oxidative action leads to the consumption of an isopropylidene structure and p-substitution of the aromatic nuclei, with stability of the phthalimide rings. Gel permeation chromatography data show structure formation of the polymer, intensifying with increase in temperature or O 2 content in the system. An increase in temperature to 420˚C leads to an increase in M z by more than 30 000 and to an increase in all molecular weight characteristics and in polydispersity from 2.3 to 3 respectively. The indicated changes are manifested in a reduction in the light transmission of the solutions and yellowing of the PEI, and, with more extensive changes, in the formation of an insoluble gel fraction, the content of which increases similarly to the absorption of O 2 . By means of IRS, NMR, MS, high-performance liquid chromatogaphy (HPLC), and gas chromatography (GC), H 2 , CO 2 , CO, CH 2 O, CH 3 OH, H 2 O, phenol and its derivatives, bisphenol A, and aromatic and ester aromatic compounds with methyl, ethyl, and isopropyl groups were found in the heavy (oligomeric), volatile (gaseous), solid, and liquid products of thermal oxidation of PEI. Judging by the weight losses and the stability of melt viscosity, greatest thermo-oxidative effectiveness in PEI is exhibited by PCAs.
THERMO-OXIDATIVE DEGRADATION OF POLYESTERIMIDES, POLYAMIDOIMIDES, AND ALIPHATIC-AROMATIC POLYAMIDES
Polyamidoimide (PAIM) based on trimellitic acid anhydrochloride and dianhydride A has a lower thermooxidative stability than purely aromatic PAIM (based on trimellitic dianhydride and m-phenylenediamine), judging by data of TGA in air by ~10-20%. A similar behaviour pattern is seen when studying thermal oxidation in the melt (high heat stability in the case of a strictly aromatic structure of the PAIM). Both polymers are characterised by a typical sigmoidal kinetics of absorption of O 2 and release of CO 2 and CO, with a rapid first stage and a slow second stage. Analysis of the effectiveness of thermooxidative action from numerous additives of different classes (amines, phenols, benzophenols, hydrazines, etc.) revealed the undisputed superiority of PCAs. When PCAs are introduced, a reduction in the yellowing of polymers during holding in the melt, slowing down of weight losses, and stabilisation of melt viscosity are observed.
During the thermal oxidation of polyphthalamides (PPA-1 and PPA-2), the same behaviour patterns are observed (the kinetics of weight losses, oxygen absorption, and release of the main volatile products, the composition of the volatile and heavy products in relation to the structure of the polymer, inhibition of oxidation by additions of PCAs and transition metal compounds, etc.), which have been described in sufficient detail for PAI, PPQ, PBO, PEI, PI, PAIM, PSP, PES, and LCPs. Therefore, without dwelling on experimental results, we will examine in more detail the mechanism of degradation for the case T/59 of these two polymers.
The structure of polyphthalamides PPA-1 and PPA-2 consists of the alternation of aliphatic and aromatic sequences:
In the static development of thermal oxidation over the length of the macromolecule, the formation of an amide of TPA (attack 1-2) is again probable, as is that of other fragments of the macrochain (attack 3-4) (scheme 2):
A TPA amide is formed during thermal oxidation in the melt and during low-temperature solid-phase oxidation. Light-yellow crystals of a mixture of TPA amide and TPA appear and build up on the surface of moulded specimens during accelerated heat ageing at temperatures of 150-200˚C. Terephthalic acid is a typical product of hydrolysis at the ends of the macrochain. More interesting, in our view, is the TPA amide product. Remember that similar products (in relation to the structure of the polymer) were observed in a study of the thermo-oxidative transformations of other AHPs. For example, pyromellitediimide was identified during the thermal oxidation of PAI [7, 21] and classical polyimide "Kapton", while 2,2′-(1,4-phenylene)-bis-(phenylpyrazine) is formed during the ageing of polyphenylquinoxaline [7] .
In the formation of TPA amide during the thermal oxidation of PPAs, in our view, a certain feature of the thermal oxidation of aromatic and aliphatic-aromatic heterochain polymers appears that has not been discussed sufficiently in the literature. In discussing the formation of PDI during the thermal oxidation of PAI, three hypotheses were put forward:
1. The successive burn-up (oxidation) of aliphatic fragments on both sides of the imide ring.
2. The formation of a molecular complex with oxygen [44].
3. The transformation of the macromolecule into the electron-activated state [11] .
The first hypothesis is not viable, since no direct or indirect proof has been found. The possible existence of a molecular complex with oxygen has been confirmed indirectly by Kalugina et al. [21] on model compounds, while the transformation of macromolecules into the electronactivated state as an act of initiation of the radical chain process has been proved by quantum chemical calculations of models and oligomers of AHPs.
The formation in the products of thermal oxidation of PPA of TPA amide, just like PDI in PAI and PI, can probably be attributed to the existence of the final two hypotheses.
The introduction of additions is a well-known method for studying the mechanism of chemical reactions. Phenolic antioxidants, inhibiting oxidation in reactions with peroxy radicals RO 2 , in concentrations of 10 -2 -10 -3 mol/kg, retard the absorption of O 2 by PPA-1 and PPA-2 at 150-250˚C (solid-phase oxidation). The kinetics of O 2 absorption by PPA is characterised by the absence of an induction period, and therefore it is not possible to reveal the critical concentration of antioxidant. The concentration dependence of the effectiveness of the antioxidant, determined from the ratio of the initial rate constants of O 2 absorption by unstabilised and stabilised PPA-2, has a clear optimum at a concentration of 0.008 mol/kg. Although antioxidative effects when phenols are introduced are not sufficiently great, possibly on account of the high processing temperature of PPA, in itself the fact of retardation of thermal oxidation (for example, when a phenolic antioxidant is introduced in a concentration of 0.2%, the O 2 absorption by PPA-1 is lowered by 10-20%) once again confirms the contribution of the radical chain process to the thermo-oxidative degradation of PPA.
Certain features of the thermal oxidation of PPA do not fit the traditional scheme. The assumption concerning molecular complexes with oxygen leads to analogues of PPA with PAI, PI, PPQ, and other AHPs, the thermal oxidation of which is retarded by additions of Cu 2+ [11] and PCAs. For example, most effective in PI and PAI proved to be additions of diphenyl ester of anilidophosphoric acid and CuSO 4 [7, 21] . Additions of the indicated compounds retard O 2 absorption in PPA-2 appreciably more effectively during solid-phase oxidation than do phenolic antioxidants. The effectiveness of additions is also marked at high temperatures, at which phenols are ineffective.
The concentration dependence of the effectiveness of additions of Cu 2+ passes through an extremum, as in the case of aliphatic PAs. Even negligible concentrations of Cu 2+ are extremely effective in the stabilisation of PPAs. A well-known fact is that the introduction of Cu 2+ salts into PE destabilises the methylene chain both at low (solidphase oxidation) and at high (processing) temperatures.
Comparison of the action of Cu 2+ additions, for example in PPA, PAI, PSP, and PE, indicates the considerable role of the aromatic fragment in the oxidative process.
Flexible methylene chains, like any carbon sequences, are the most vulnerable fragments to thermal oxidation. The rigidity of the physical structure and the limitedness of the molecular motions in PAI are determined by the pyromellitimide fragment, terephthalic in PPA-1 and PPA-2. The presence of IPA in PPA-1 also gives a certain flexibility to the macromolecule (similarly to the LCPs examined above). In other words, aromatic fragments, lowering the molecular mobility of the macrochain, stimulate the physical mechanisms of protection of the unbound methylene from thermal oxidation.
From the purely chemical point of view, if the physical constraints are removed, the aromatic fragment increases the reactivity of the boundary methylene groups, which are more active in reaction with O 2 . Oxidation, held in check in the solid phase, develops vigorously in the polymer melt, affecting, above all, the aliphatic areas and to a lesser degree the aromatics.
Certain specific features of the thermal oxidation of PPA-1 and PPA-2 appear at low temperatures against a background of the typical radical chain process. The antioxidative action of phenolic antioxidants is appreciably weaker than that of copper-containing additives and phosphates. Oxidation leads to the ejection of TPA amide from the macromolecule and to intense crosslinking of the macrochains. The participation of aromatic fragments in the degradation process can be assumed, and not only by activation of the a-bonds in the neighbouring flexible chain. Although direct evidence is currently absent, we assume that, along with classical initiation, for example of the type RH + O 2 → R˙ + RO 2˙, where RH is a methylene chain, thermal oxidation is initiated with the participation of aromatic phthalamide fragments. This may be the formation of a molecular complex of one or several O 2 molecules with the π-system of the fragment, or the thermal transformation of the fragment into the triplet state by means of O 2 (by analogy with photooxidation). The probability or improbability of these facts can be discussed. There is no doubt that the "classical radical chain scheme of oxidation requires considerable supplementing for these polymers". The following initiation reactions are possible:
1. Classical 2. The formation and decomposition of a molecular complex with O 2 3. Transformation into the electron-activated state
The subsequent stages are inscribed in the radical chain scheme, and elementary acts of chain transfer by end and middle alkyl radicals leads to the formation of all discovered volatile, low-volatility, and polymeric products of degradation.
In the application aspect, the proposed scheme of thermo-oxidative degradation of PPA, which, in our view, is applicable to all the AHPs examined above, reveals two directions of antioxidative stabilisation -inhibition of the radical chain process and inhibition of the "destabilising" function of the aromatic fragment. The practical problem is broken down in this case into two directionsantioxidative stabilisation during processing (temperature range 300-350˚C, but short-time) and stabilisation during service (working temperatures of 150-200˚C). We assume that taking into account features of thermal oxidation provides the foundation for optimising the heat-stabilising formulation for all "life stages" of heat-resistant AHPs by combining antioxidants with variable-valency metal compounds and phosphorus-containing substances.
